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Abstract 
In this work we present a simulation of a synchronous generator with superconducting rotor windings. As many other 
electrical rotating machines, superconducting generators are exposed to ripple fields that could be produced from a 
wide variety of sources: short circuit, load change, mechanical torque fluctuations, etc. Unlike regular conductors, 
superconductors, experience high losses when exposed to AC fields. Thus, calculation of such losses is relevant for 
machine design to avoid quenches and increase performance. Superconducting coated conductors are well known to 
exhibit nonlinear resistivity, thus making the computation of heating losses a cumbersome task. Furthermore, the high 
aspect ratio of the superconducting materials involved adds a penalty in the time required to perform simulations. 
 
The chosen strategy for simulation is as follows: A mechanical torque signal together with an electric load is used to 
drive the finite element model of a synchronous generator where the current distribution in the rotor windings is 
assumed uniform. Then, a second finite element model for the superconducting material is linked to calculate the 
actual current distribution in the windings of the rotor. Finally, heating losses are computed as a response to the 
electric load. The model is used to evaluate the transient response of the generator. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
Peter Kes. 
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1. Introduction 
Nowadays, several examples of superconducting machinery can be found not just in the design but also 
in realization [1-3]. Several efforts have proven effective towards calculation of losses in superconductors 
[4-6]. However, the task has proven to be cumbersome due to the nonlinear E-J relation characterizing the 
material properties and the high aspect ratio of the superconducting regions in coated conductors. One 
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additional complication comes from the multiscale nature of the problem: while the cross section of a 
generator itself is typically in the range of decimeters or even meters, the superconducting layer is 1 μm 
thick. Therefore a successful modeling tool should be able to span the 5 or 6 orders of magnitude 
connecting these phenomena.  
 
Some improvements have allowed computing AC losses on coils and stacks of different sizes while 
modeling every conductor involved [6-8]. In the same context, it is important to note that several 
approximations based on homogenization techniques have been proposed to reduce the computational 
time and simplify the calculations for coils and stacks of tapes [9-11]. However, to this day, no calculation 
had been implemented for calculating AC losses of a superconducting rotating machine during a transient 
response. A tool to perform such calculation is necessary to optimize design, study performance and 
estimate safe operational margins. Such a tool must provide with a way to predict the heating losses 
induced in the superconducting windings as a response to either an electric load or torque change. 
 
In this work we present a method to simulate the electromagnetic transient response of a 
superconducting generator. The technique is based upon a segregated model that decouples the dynamics 
of the generator and the dynamics of the superconducting coils. A homogenization technique is 
implemented to simulate the current distribution in the superconducting coils. 
 
2. Modeling strategy 
The overall model is constituted by two sub models (Fig. 1): the first being the simulator of a generator 
where superconducting properties are neglected; the second, a segregated model that uses the previously 
obtained results as boundary conditions to calculate the current distribution in the superconducting stator 
coils. Although no feedback from the second model is taken into account, this simplification should 
provide with accurate values for the actual Magnetic Field in the coupling boundary.  
 
 
Fig. 1 Simulation strategy: In a first model, both electric load and mechanical torque are considered as known inputs of an electric 
generator. Using this model, the Magnetic Field is calculated in a coupling boundary (purple) around the rotor windings. A second 
model uses this as a Dirichlet boundary condition to compute for the AC losses. No feedback is considered from the second to the 
first model. 
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Fig. 2 Model Coupling: The Magnetic Field in the coupling boundary around the coils (left) is used as a boundary 
condition for the calculation of AC losses. Both components of the magnetic field are plotted (central figure): the 
horizontal axis of these plots corresponds to the arc length spanned by arrows 1-4. The vertical axis is time. Notice 
that after a 1 second long steady state, the field components start to change; this corresponds to the variation in 
applied load in the stator windings. The Magnetic Field evaluated in the path 1-4 is used as Dirichlet boundary 
condition for the superconducting coils. The left figure presents the current distribution in the superconducting coils 
at t=0.65s during the ramp up. 
2.1. Generator model 
Using the commercially available AC/DC module of COMSOL Multiphysics, a generator was 
modeled following design parameters as reported in [12]. For simplicity and homogeneity, every 
superconducting coil was assumed to be constituted of 50 turns of a coated conductor with critical current 
of 62.5 A. The superconducting windings of every coil have a cross section of 1E-4 m2 therefore, an 
engineering critical current of 3.125e7 A/m2 was considered. The rotor windings are composed by 20 
turns of copper wire. A load case as described in section 3 was implemented.  
2.2. Coils model 
The electromagnetic properties of the superconducting coils were modeled using a formulation in the 
H Magnetic Field [4]. A power law with n value of 21 was considered, no Jc(B) dependence or magnetic 
substrate was taken into account in this model. To increase the computational speed, a homogenization 
technique based on similar assumptions as in a recently published work [11] was implemented. This aims 
to “wash out” the geometrical features of the coils’ layers i.e. the cross section of the coil was assumed to 
be an anisotropic bulk rather than the actual stack it represents. 
2.3. Coupling 
In order to link both models, the Magnetic Field in the generator was calculated in a boundary 
surrounding the superconducting coils. This data was then used as the time dependent Dirichlet boundary 
condition for the superconducting coil model. Fig. 2. Since the current in each individual tape of a given 
coil is constrained to a (possibly time dependent) known value. It is assumed that the Magnetic Field 
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outside the coil should be similar to the one produced by a (possibly time dependent) known uniform 
current. In fact, this is the principle behind the simulation of electromagnetic machinery by finite element 
analysis, as the computation of the actual current distribution in each individual wire would require large 
memory and computing time resources. Therefore, no bidirectional coupling was implemented as it 
became redundant under the previously discussed assumption. 
3. Results 
To test the proposed strategy, a simple load change was implemented as in Fig. 3. First, a smooth ramp 
up current was applied to the superconducting coils, therefore increasing their current to 80% of the 
critical value. The system was let to relax for about 7 seconds, allowing for the transient behavior of the 
ramp up process to settle and fade. Then, at t=7.8 s a total resistance of 1 Ω was connected to every phase 
of the generator (taking into account the 0.32 Ω self-resistance of the copper windings).  At t=9.8 s the 
total resistance was reduced to 0.5 Ω and back again to 1 Ω at t=11.8 s. Notice in Fig. 3 the instantaneous 
loss increase as the resistor is connected, or changed. A peak instantaneous loss of 0.4 W was observed 
during ramp up, peaks of about 0.3 W also appeared at increasing load changes,  from R=∞ Ω (no load) to 
R=1 Ω at t= 8; and from R=1 Ω to R=0.5 Ω  at t= 8 s. A smaller loss peak of about 0.05 W was observed 
when the load was reduced back to R=1 Ω at t= 12. 
 
The 14 s transient response required approximately 6 hours for the generator model and about 12 hours 
for the superconducting coils model. Therefore transitory analysis of superconducting rotating machinery 
can be computed within a manageable time.  
 
 
Fig. 3. Instant Joule losses in the superconducting coils of the generator. Starting from being in a zero field and zero 
current state, the current in the coils is ramped up to 80% of  its critical value (top left figure). At t=7.8s, a passive 
load of R= 1 Ω is slowly connected to the terminals of the generator, later on at t=9.8s the load is changed to R= 0.5 
Ω and back to R= 1 Ω at t=11.8s (shown as 1/R in the top right figure). The bottom figure shows a plot of the 
instantaneous losses (W) as a function of time. 
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4. Conclusions 
A strategy to calculate the AC losses in a superconducting generator during transient operation was 
developed.  Instantaneous losses were calculated for a ramp-up and load change test case. The strategy 
relies on decoupling the homogenized superconducting model from the generator model. Further studies 
must be carried out to compare and match the simulation results with experimental data and calibrate the 
simulator to make tailored predictions for specific transient operation cases. As an additional remark, it is 
also important to notice that since a homogenization technique was used for the superconducting coils, a 
similar treatment can be carried out for other machines and devices like motors or transformers with 
several conductors with ease.  
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